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Recently, the Geological Survey embarked on a program to utilize spectrographic techniques for determining minor elements in natural water. The use of these techniques is part of a joint program of the International Union of Geodesy and Geophysics and the U.S. Geological Survey to study world-wide runoff of dissolved solids and the geochemistry of minor elements in water. The present report describes the current spectrographic technique.
Many of the minor elements in natural waters exist in very low concentrations, therefore it is necessary that the analytical method be extremely sensitive. Preliminary experiments and r. literature study of the various types of spectrochemical methods anc1 excitation sources now in use, and which were utilized in similar problems, indicated that the excitation of the water residue using a direct-current arc would be a good choice.
Similar methods have been applied in the determination of minor elements in natural waters. In a survey of the water supplies of 24 cities, Braidech and Emery (1935) were able to determine about 30 elements spectrographically by volatilizing a few milligrams of residue. The results obtained were semi quantitative but indicated the good sensitivity attained by this procedure. The method of Gusiatskaia and Loginova (1955) converts the residue principally to sulfates by treatment wilh sulfuric acid but it was recognized that the concentra-1 2 SPECTROGRAPHIC ANALYSIS OF NATURAL WATER tions and relative proportions of calcium, magnesium, and sodium vary appreciably from sample to sample, causing variations in the relative intensities of the analytical lines, and, consequently, introducing analytical errors. Wolfe (1957) attempted to minimize this effect by incorporating gallium as an internal standard before the conversion of the residue to sulfates. However, as the procedure was designed for only a small number of elements, the problem was to develop a method adaptable to the determinatior of most of the common elements found in natural water. Since many elements are present, and since the direct-current source distills the elements into the arc in the order of their volatility, a single internal standard is precluded and advantage is taken of the "total er ergy" method as proposed by Slavin (1938 and 1939) . The method described here consists of the complete volatilization of 12 mg (milligrams) of water residue and synthetic standards mixed with 6 mg of spectroscopically pure graphite powder using a direct-current arc of 16 amperes. After processing the plates, the intensities of selected analytical lines are determined photometrically, emulsion calibration curves are prepared, and the concentrations of the elements are read from working curves established by the standards.
The author expresses appreciation to his associates of the U.S. Geological Survey for their cooperation and many helpful consultations, and especially to K. J. Murata for his guidance and advice in many aspects of the work.
PREPARATION OF STANDARDS
The chemical composition and physical characteristics of the matrix are important factors that affect the burning qualities of the arc and the intensities of the spectral lines. Therefore, it is important that the composition of the standard matrix material approximate the samples as closely as possible (Ahrens, 1954) . The matrix of the standard was prepared to approximate the average composition of water of North America (Clarke, 1924, p. 5 ) and consists of 20 percent calcium as calcium carbonate, 5 percent magnesium as magnesium sulfate, 7.5 percent sodium as sodium chloride, and 2 percent potassium as potassium chloride. The matrix components were mixed together by first passing them through an 84-mesh stainless steel screen 6 or 7 times. The mixture was then transferred and mixed for 1 hour in a mortar.
Chemical compounds containing 0.1 gm of each of 22 elements of interest in the 2250-4750 A (Angstrom units) range of the spectrum were mixed in the same way as indicated above. The elements are listed in table 1 together with the wavelength of their analytical lines and concentration range. The final concentration of each element in this mixture was 2.29 percent. The first standard was made to contain 1.00 percent of ea ch element by mixing together the required weight of the minor element mixture with the matrix material. Mixing was accomplished by passing through a stainless steel screen and mixing with a mortar and pestle 4 SPECTROGRAPHIC ANALYSIS OF NATURAL TTATER as described above. The standards were made to contain the minor elements in concentrations of 1.0, 0.316, 0.1, 0.0316 . . . 0.0001 percent. As the relationship of line intensity to concentration is logarithmic, the concentrations chosen distribute the points equidistantly along the working curve. Separate standards having the same matrix and concentrations as the above standards were prepared for the rare alkali metals lithium, rubidium, and cesium as these elements have their sensitive analytical lines in the risible and nearinfrared region of the spectrum. However, lithium was common to both standards.
ANALYTICAL PROCEDURE
A volume of water sample for which the content of dissolved solids had previously been determined is selected to yield 50-60 mg of residue. The water is evaporated on a steam bath in fused quartz or Vycor evaporating dishes to avoid boron or other element contamination associated with conventional laboratory equipment. The evaporating dish containing the residue is then placed under a heat lamp for about 20 minutes to remove last traces of water. The subseouent operations of scraping the residue from the sides of the dish, pulverizing and mixing with an agate pestle, and transferring the residue to a sample vial are also carried out under the heat lamp. All the items needed for the above operations are kept warm under the lp,mp until put to use to prevent the sample from coming in contact with cool surfaces. This is necessary to avoid moisture absorption by hygroscopic materials in the residue.
Twelve milligrams of sample and 6 mg of spectroscopically pure graphite powder are accurately weighed on a precision microbalance, mixed in a small pan, and transferred to a cupped electrode by means of a plastic funnel (which facilitates loading wihout loss of sample). Aluminum metal blocks about 4 inches long, 2 inches wide, and % inch thick into which several holes % inch in diameter had been drilled are used to hold the sample-carrying electrodes. The aluminum electrode holders are then placed on a hot plate set at a temperature of 105° C, covered with a beaker, placed on the optical bench, and allowed to stand for about an hour before arcing. The aluminum blocks bearing the sample-carrying electrodes are kept on the hot plate until all samples are arced to prevent absorption of moisture by the residue. For quantitative work, all samples are analyzed in duplicate and arced on the same plate along with the nine standards. The average of the two determinations is reported.
All samples and standards are excited in the same manner in the direct-current arc. The series resistance is set up so that the arc is started at 5 amperes and after 10 seconds the arc is instantaneously RESIDUE METHOD FOR COMMON MINOR ELEMENTS 5 raised to 16 amperes by switching out a portion of the series resistance. The arc is continued for about 10 seconds beyond complete consumption of the sample (Slavin 1938 and 1939) .
For emulsion calibration an iron bead arced at 5 amperes is exposed for 65 seconds through a 50 percent two-step quartz filter placed directly in front of the slit. The iron bead is formed prior to use by successively arcing portions of iron powder at 5 amperes in a large (about %-inch inner diameter) cupped electrode until the bead extends up above the sides of the cup. It is essential that a round-headed bead be used to obtain uniform results from plate to p^te. The bead is arced until it becomes stable in its burning characteristics. A graphite rod %-inch in diameter is used for the upper electrode. Preburn of the iron arc for 120 seconds is made before the iron spectrum is recorded to insure a stable reproducible burn. The wavelengths (in angstrom units) of iron lines chosen for calibration were as follows: The grating spectrograph used in this work permits a range of 2500 A of the spectrum to be covered in one exposure on two adjacent spectrographic plates. After processing the plates, transmittance measurements of selected analytical lines in the 2250-3500 A range are obtained by means of a projection comparator-microphotometer using a scanning slit at the plate. The plates are calibrated by means of a set of homologous iron lines (Hodge, 1951) using the two-step method as described by Harvey (1950) . From the calibration curve constructed, intensity values are obtained from the standards which are used in constructing the working curves for the various elements, an example of which is shown in figure 1 .
In the analysis of strontium, barium, and other elements whose analytical lines fall in the region of the spectrum 3500-475C A and the rare alkalies in the region 6250-8750 A, a method of line-width measurement in use in the spectrographic laboratory of the Geochemsitry and Petrology Branch of the Geological Survey is incorporated. The microphotometer in use for this work is equipped with a constant speed scanning device. Line-widths are determined by measuring the scanning time at constant speed (0.5 mm per min) through the line by means of a stop watch. The time required to scan the line is then measured by clocking the time during which the percent transmittance remains below a selected figure. A working iirve is constructed from the standards recorded on the same plate as the unknown samples. The time in seconds is plotted linearly against the log of the percent concentration.
The concentrations of the various elements are determined in percent of the dry residue. The results are expressed in parts per million by multiplying the determined percent concentration of an element by the dissolved solids content of the water sample, for example 100 ppm (dissolved solids) X 0.00001 (or 0.001 percent)=0.001 ppm
The following apparatus and working conditions r,re used:
Excitation source__________ A 250 volt direct-current generator is used to provide a current of 16 amperes. Series resistance is used to control the current in increments of 0.5 ampere. Spectrograph______________ 21-foot Wadsworth-mounted grating with 15,000 lines per inch giving a reciprocal linear dispersion of 5A per mm in the first order. Wavelength region.______ 2250-4750A and 6250-8750A. Slit width__________________ 24 microns. Illumination._______________ Arc image focused on slit at. 4X magnification by means of a quartz condensing lens. Light from the central 2-mm portion of the image at the slit is allowed to enter the Spectrograph. For emulsion calibration purposes, 4 mm of the image is used.
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Arc gap___________--____--_ Four millimeters maintained manus-lly throughout arcing period. Arcing exposure_____________ 10 seconds beyond complete consumption of sample. i 
Emulsion-------------------

PRECISION AND ACCURACY
The precision of this method is illustrated by the data in table 2. The data were obtained from standards arced on various plates at different times. The elements listed were chosen to represent different orders of volatility (volatile, medium volatile, and in volatile) .
A measure of the accuracy is obtained by comparing the spectregraphic results with those obtained by other techniques; namely, chemical and flame-photometric methods. In the absence of chemical data for the same natural water samples analyzed spectrographically, brine samples for which comparative data were available (table 3) were then selected. For the elements manganese, strontium, and iron, the spectrographic values have an average deviation of about ^10 percent, 8 percent and 7 percent, respectively, from the values obtained by the other techniques. Comparative data for natural water are being obtained and evaluated to establish that the deviation for natural waters is of the same magnitude or less than that calculated for brines. 
DISCUSSION
The method at present provides for analyzing 24 elements quantitatively. Experience in the analysis of various samples of natural water indicates that the elements listed in table 1 cover tl x ? range of minor elements that are generally found in natural water. However, 40 other elements in addition to the 24 elements for which the method provides are looked for in the spectrum of every unknown rumple and when found are determined semiquantitatively. Noting the frequency with which certain additional elements occur indicates which elements are to be included in expanding the list of minor elements to be determined.
The advantage of the method is its extreme sensitivity and flexibility. Waters containing as low as 4 ppm and as high as 100,000 ppm dissolved solids have been analyzed. The matrix components and minor element content of the standards can be altered to suit the particular analytical problem at hand. For example, standards consisting of a matrix of sodium chloride and calcium carbonate in a ratio of 9:1, respectively, were used in the analysis of brnes from Pennsylvania.
